Trematode worms of the genus Schistosoma cause the disease schistosomiasis in man and animals. The first stage of Schistosoma mansoni is the miracidia which live inside their intermediate host Biomphalaria alexandrina snails. Inside the snail, the miracidia are transformed into mother sporocysts which develop into daughter sporocysts and these in turn give rise to the mature cercariae. Infection is caused by cercariae which penetrate the skin of the final host. The head of the cercariae is transformed into an endoparasitic larva, the schistosomula (Hussein et al. 1976) . Adult S. mansoni in the mesentric vein are resistant to the host immune response which at the same time is capable of overcoming further infection by cercariae (Smithers & Terry 1969 , James 1992 . The major component of the immune response is cell mediated and as part of that response, the parasite is exposed to reactive oxygen species (ROS) generated by the host effector cells as macrophages, eosinophils, neutrophils , and platelets (Callahan et al. 1988 , Maizels et al. 1993 , James 1994 . To defend themselves against oxygen-mediated killing mechanisms of host, parasites have developed antioxidant enzyme systems. In S. mansoni superoxide dismutase, SOD, glutathione peroxidase, GPX, glutathione reductase, GR, and glutathione-s-transferase, GST, are major antioxidant enzymes that are involved in detoxification processes (Callahan et al. 1988 , Mkoji et al. 1988 a,b, Nare et al. 1990 , O'Leary & Tracy 1991 , O'Leary et al. 1992 , James 1994 , Mei & LoVerde 1995 . These schistosome oxidant-detoxicating systems play a role in protecting the parasite from damage as a result of ROS (Callahan et al. 1988 a,b, Brophy & Pritchard 1992 , James 1994 . Therefore, the antioxidant defence mechanisms of adult worms may represent potentially good target for chemotherapy. On the other hand, adult schistosomes by virtue of an incomplete citric acid cycle, are nearly totally dependant on anaerobic glycolysis for their energy requirement. They utilize 1/5 of its dry weight of glucose/hour converting 80% to lactic acid, so glycolytic pathway may also represent additional site for selective chemotherapeutic intervention (El-Kouni 1992) .
There are limited options vailable for the chemotherapeutic treatment of schistosoma infection with the drug of choice being praziquantel (WHO 1993 (WHO , 1999 . Unfortunately, the long-term world wide application of the drug coupled with the recent discovery of praziquantel-tolerant schistosomes has generated concern over the development of drug-resistant schistosoma strains (Shengliang et al. 2001 , Appiah & DeVlas 2002 . So for combating schistosomiasis there is an urgent need to develop new drug alternative to praziquantel. Traditional medicinal plants were applied by some authors for the treatment of schistosomiasis (Ndamba et al. 1994 , Sparg et al. 2000 , Molgaard et al. 2001 .
N. sativa L. (Family: Ranunculacea), commonly known as black seed, black cumin or habatul Barakah, is an erect herbaceous annual plant. It grows in Mediterranean countries and it is one of the native plants that are widely distributed in Egypt (Jansen 1981) . For thousands of years, the seeds have been used for medical purpose. Pharmacological investigations suggest that the black seed oil exhibited hepatoprotective effect against liver damage (AlGharably et al. 1997 , Nagi et al. 1999 . Besides, the essential oil was shown to have anthelmentic activity (Agarwal et al. 1979 ) and the seeds were effective against cestodes and nematodes (Akhtar & Rifaat 1991) . In view of these findings, this study was undertaken to evaluate, in vitro, the antischistosomal effect of N. sativa crushed seeds against S. mansoni miracidiae, cercariae (free living stages), and adult worms. Also the study was extended to investigate the potential role of the black seeds against some antioxidant protecting enzymes (SOD, GPX, and GR), which play a crucial role in the survival of adult worms inside the host, as well as some enzymes of glucose metabolism (HK and G-6-PDH) as two different sites that may represent good targets for chemotherapy.
MATERIALS AND METHODS
Chemicals -Chemicals were of analar quality, products of Merck, Germany and Sigma, US.
The parasite -S. mansoni NMRI strain was used. (1) Miracidia: schistosome eggs and miracidia were obtained from livers of experimentally infected mice according to the method described by Hira and Webbe (1972) and used directly in the bioassays; (2) Cercariae: S. mansoni cercariae were obtained from experimentally infected snails by exposing them to artificial 28°C where the released cercariae were used directly after shedding (Pellegrino & De Maria 1966) . Snails were obtained from Schistosomiasis Biological Supply Program, SBSP, Theodor Bilharz Research Institute, Imbaba, Giza; (3) Adult worms: 10 male hamsters (Mesocricetus auratus) provided by a laboratory-bred colony of similar age and mass (100-140 g) were obtained from SBSP. Each hamster was exposed separately to 150 S. mansoni cercariae for 1 h using the partial immersion technique (Oliver & Stirewatt 1952) . After 8 weeks post-infection (PI) adult worms were recovered from hepatic portal system and liver by the perfusion technique previously described by Smithers and Terry (1963) .
Efficacy of N. sativa crushed seeds on different stages of S. mansoni parasite -(1)
The miracidia: miracidia tests were carried out using the technique described by Techounwou et al. (1991) . Laboratory tissue culture plates were used as test chambers to observe the viability and death of miracidia under the dissecting microscope; 20 miracidia were placed in 1 ml dechlorinated water in each well of the test chamber. Serial double concentrations (0.5-5 ppm) of N. sativa crushed seeds (which dissolved in dimethylsulfoxide DMSO) were then added giving a total of 2 ml in each experimental well. Three replicates were made for each tested concentration. Mortality of miracidia was recorded after one min. Twenty freshly hatched miracidia were maintained in 2 ml dechlorinated water as controls; (2) The cercariae: series of 1 ml samples of water containing 20 freshly shed cercariae were mixed with 1 ml of a double serial concentrations (0.5-5 ppm) of N. sativa crushed seeds dissolved in DMSO. Three replicates were made for each tested concentration. Viability of the cercariae was determined by removing the tested material after 5 min of exposure period and replacing it with fresh water for a recovery period of 24 h. Two ml dechlorinated water containing 20 freshly shed cercariae were used as control, according to Ritchie et al. (1974) ; (3) S. mansoni adult worms: male, female and coupled adult worms, each of 20 worms, were cultured in 24 well Falcon plates at 37°C in 1 ml of RPMI-1640 media supplemented with penicilin (100 U/ml), streptomycin (100 mg/ml), and 10% fetal calfserum (Gibco), 2 g/l glucose, 0.39 g/l glutamate, and 20 g/l NaHCo 3 . N. sativa crushed seeds were dissolved in 10% DMSO and then diluted with sterilized distilled water to the desired concentrations (range from 10-110 ppm).
Control worms were treated with 10% DMSO in sterile distilled water. The movement and viability of the adult worms were monitored for 24 h. All procedures were carried out using aseptic techniques in a laminar flow cabinet (John Bass Ltd.). The media were removed and replaced with fresh media without the tested material and recovery of the adult worms was monitored for another 48 h. Egg production by female adult worms which survival the exposure was measured daily by manual counting under an inverted microscope (Leitz, Diavert); (4) Preparation of parasite homogenates: male and female S. mansoni adult worms were separated and maintained in an ice-bath at 4°C; 0.1 g of both male and female worms were separately homogenized in ice cold bidistilled water to yield 10% homogenate using a glass homogenizer. The homogenate were centrifuged at 4000 r.p.m. and the supernatants were collected and used for enzyme assays. The protein concentration was determined by the method of Bradford (1976) with bovine serum albumin as a standard.
Enzyme assay -(1) Glutathione peroxidase (GPX): the enzyme was determined by the method of Paglia and Valentine (1967) using NADPH-coupled reduction of GSSG, catalysed by GR. H 2 O 2 was used as substrate. Oxidation of NADPH was followed at 340 nm and one unit of enzyme activity is defined as the oxidation of 1 nmole NADPH/min/mg protein; (2) Glutathione reductase (GR): GR was assayed by the method of Goldbery and Spooner (1983) . The reaction mixture contained 120 mM potassium phosphate buffer, pH 7.2, 15 mM EDTA, 63 mM GSSG and 9.6 mM NADPH. The oxidation of NADPH was followed at 340 nm and one unit of activity is defined as the oxidation of 1 nmole NADPH/min/mg protein; (3) Superoxide dismutase (SOD): SOD activity was determined by monitoring the decrease in absorbance due to NADH oxidation at 340 nm using the method of Paoletti et al. (1986) . Enzyme activity is expressed as nmole NADH oxidized/ min/mg protein; (4) Hexokinase (HK): glucose-6-phosphate formed by HK reaction is measured by adding glucose-6-phosphate dehydrogenase and NADP, then NADPH formation was followed at 340 nm (Uyeda & Racker 1965) . Enzyme activity is experessed as nmole NADPH formed/min/mg protein; (5) Glucose-6-phosphate dehydrogenase (G-6-PDH): the enzyme activity was assayed in a reaction mixture contained triethanolamine buffer (86 mM, pH 7.6), MgCl 2 (6.9 mM), glucose-6-phosphate (1mM), NADP (0.39 mM). The reduction of NADP was followed at 340 nm and one unit of activity is defined as the reduction of 1nmole NADP/min/mg protein (Bergmeyer et al. 1974) .
Statistical analysis -Data were computed by comparing values for treatment groups with the values for individual control. Results from independent observations were expressed as mean ± S.D. The significance among values were analyzed using t-test.
RESULTS
The viability of S. mansoni different stages (miracidia, cercariae, and adult worms) was observed during the in vitro incubation with various concentrations of N. sativa crushed seeds. Fig. 1 shows that the exposure of miracidia and cercariae to the drug resulted in the death of the parasite and this lethal effect was dependent on the concentration and time of the incubation (after 1 min for miracidia and 5 min for cercariae). LC 50 values of this drug were 1 ppm and 2 ppm for miracidia and cercariae respectively. Fig. 2 shows the effect of the current drug on mortality rates of male and female adult worms after 24 h. It was observed that the drug have a strong lethal effect against both male and female worms showing an LC 50 of 40 and 60 ppm respectively; 100% of the parasite were dead at concentration of 100 ppm for male worms and 110 ppm for female worms. Coupled worms become separated into male and female worms under the effect of the drug, however, the control untreated paired worms remain coupled throughout the observation period and exhibited vigorous activity.
The effect of N. sativa crushed seeds on daily egg production by adult female worms was not observed as the result of the separation of adult worm pairs, but control worm pairs showed an increase in egg-production from 11-15 eggs in the first day to 35-43 eggs/ adult female worm/day on second and third day.
Results listed in the Table show the effect of N. sativa on some antioxidant enzymes (SOD, GR, and GPX) and enzymes of glucose metabolism (HK and G-6-PDH) of both male and female adult worms using LC 50 for male (40 ppm) and female (60 ppm). The data confirm that there was a significant inhibition of these enzymes in both male and female worms under the effect of the current drug. The inhibition was consistently higher in males than in female worms.
DISCUSSION
This study was performed to evaluate in vitro the antischistosomal effect of N. sativa crushed seeds (black seed) for controlling schistosomiasis. In the last decades, plant extracts were widely used for the treatment of schistosoma infection (Sparg et al. 2000 , Molgaard et al. 2001 . However, N. sativa seeds oil was recently found to have anthelmintic activity against S . mansoni infection (Mahmoud et al. 2002) .
The current study demonstrated that N. sativa crushed seeds possesses strong schistosomicidal activity against S. mansoni miracidia, cercariae, and adult worms (female and male worms).
These results are in harmony with Mansour et al. (2002) who revealed the miracidal and cercaricidal potency of a: data are presented as mean ± S.D; results are the average of five determinations; b: significant change as compared to control (P < 0.01); c: significant change as compared to control (P < 0.001).
the black seed at different extracts (petroleum ether, chloroform, ethanol, and water). Also, Mahmoud et al. (2002) stated that administration of the black seed oil to S. mansoni infected mice showed high activity against adult worms. In addition, similar results have been recorded on the effect of other plants against schistosome at different stages cercariae, schistosomula and adult worms (Naples et al. 1992 , Ahmed & Ramzy 1997 , Molgaard et al. 2001 , Lyddiard et al. 2002 .
The present investigation indicated that different concentrations (10-100 ppm) of crushed seeds were highly effective in inhibiting egg-laying by adult female worms after 24 h of exposure in comparison to control untreated female worms. This may be due to separation of adult worm pairs under the effect of the used drug indicating that this drug affects the ability of both male and female worms to couple and consequently inhibit egg output by female adult worms.
This data was supported by Mahmoud et al. (2002) who declared that treatment of mice infected with S. mansoni parasite, by using black seed oil, was effective in reducing egg count in both liver and intestine. Also, goyazensolide, a natural compound isolated from the plant Eremanthus goyazensis, showed a significant inhibitory effect on egg laying of S. mansoni female worms during in vitro cultivation (Barth et al. 1997 ).
The present work was extended to study the effect of the crushed seeds on some antioxidant enzymes (SOD, GR, and GPX) as well as some enzymes of glucose metabolism (HK and G-6-PDH) of adult female and male worms aiming to explain the possible mechanism of its action against S. mansoni parasite.
The levels of the antioxidant enzymes, SOD, GR, and GPX were determined in the tissue homogenates of normal untreated female and male worms. The results demonstrated that GPX is the most abundant enzyme, indicating that GPX is the major tegumental antioxidant enzyme. This result is consistent with previous data, suggesting that GPX might be a pivotal enzyme in the protection of schistosome adult worms against host oxidant Killing (Mkoji et al. 1988b , Mei et al. 1996 . Generally previous studies have shown that the adult worm, which is the least susceptible to host immune attack, showed the highest level of antioxidant enzymes, while the most susceptible larval stages showed the lowest level of expression (Mei & LoVerde 1997) .
For antioxidant enzymes to play a crucial role in the survival of adult worms in the host, they need to be located at the host-parasite interface where the host cellular response including degranulation and the release of ROS. In adult schistosome, the antioxidant scavengers are concentrated in the tegument and gut epithelium (Mei & LoVerde 1997) . Localization of antioxidant enzymes in the tegument might be an adaptive response of the adult schistosomes to protect themselves against the host cellular response. In the gut epithelium, this could be because the intestinal lumen is filled with host blood cells, which might create an environment for release of ROS. However, the most obvious effect of host ROS on the schistosome, is at the parasite's surface (Hong et al. 1992 Mei et al. 1996 . The worm tegument is composed of a heptalaminar membrane of two lipid bilayers (Mclaren 1980) . Outer bilayer is rich in phospholipids and sterols (Caulfield et al. 1991) . During infection, it is likely that membrane phospholipids are continually subjected to host oxidant challenges, initiating process of lipid peroxidation that results in the formation of lipid and phospholipid hydroperoxides, which decompose further to toxic carbonyl species, so the peroxidized membranes become rigid, lose selective permeability and their integrity (LoVerde 1998). So it was suggested that in schistosomes, the first line of enzymatic cellular defense against hydroperoxidation involves SOD, GPX, and GR which are associated with adult worm tegument (Mei et al. 1996 Mei & Lo Verde 1997 .
Concerning with the effect of 24 h exposure of female and male adult worms to the crushed seeds, using LC 50 for female (60 ppm) and LC 50 for male (40 ppm), on the antioxidant enzymes, SOD, GR, and GPX in tissue extracts of both sexes, which survive the exposure, the results revealed that the used drug severely reduced these enzymes in comparison to normal untreated worms, indicating that the schistosomicidal effect of the crushed seeds was directed against the antixoidant enzyme system of the adult worms, which play a role in protecting the parasite from the effect of resulting ROS produced by the host effector cells (Callahan et al. 1988 , Brophy & Pichard 1992 , Hong et al. 1992 , Mei et al. 1996 , Roche et al. 1996 .
The same effect was obtained by some synthetic schistosomicidal drugs against parasite antioxidant enzymes , Nare et al. 1991 , Xiao et al. 2002 . The authors suggested that the inhibition of such enzymes in adult worms could lead to increased schistosome susceptibility to host oxidant attacking and might be linked with antischistosomal action of these drugs.
The reduction in antioxidant enzymes of treated worms may be due to oxidative stress which is used to describe a state of damage caused by elevated oxygen free radicals which may exceed the capability of these enzymes as they are used as free radicals scavengers (Kalra et al. 1994 ). In addition, Sharma and Agarwal (1996) stated that cellular damage arises when the equilibrium between the amount of ROS produced and that of scavenged antioxidants is disturbed. This data suggested that the used drug may lead to the impairment of ROS catabolizing system of the parasite, and such process is may be closely related to the killing of the parasite. Impairment of the antioxidant enzymes of crushed seed-treated worms may indicate that the tegument as well as the gut epithelium are two sites attacked by the drug (Mei & LoVerde 1997) .
It seems likely that the tegumental changes in the worms may be an important aspect of drug activity leading to the death and elimination of worms with stopping of their egg production (Nosseir et al. 2000) . Drug-induced tegumental changes has been described in S. mansoni worms after treatment with a variety of schistosomicidal drugs (Otubanjo 1981 , Moczon & Swidersk 1983 .
Our study was extended to evaluate the biocidal effect of N. sativa crushed seeds on HK and G-6-PDH enzymes in tissue homogenates of adult female and male S. mansoni worms, as two different pathways of glucose metabolism. HK is the first rate limiting enzyme in glyco-lytic bioenergetic pathway, catalyzes the phosphorylation of glucose to glucose-6-phosphate while G-6-PDH is the first enzyme in pentose phosphate pathway (an alternative pathway for glucose oxidation in which no ATP is generated), catalyzes the oxidative conversion of G-6-phosphate to ribose-5-phosphate with the generation of NADPH which is needed for the maintenance of glutathione in its reduced form.
In the current work, the activity of HK in normal untreated healthy worms is about twice the level of G-6-PDH. These data indicated the high utilization of glycolysis by adult schistosomes as main source of energy (Coles 1973 , El-Kouni 1992 . Also, Mansour et al. (2000) stated that S. mansoni depends on glycolysis for its survival inside their hosts.
The in vitro treatment of adult S. mansoni worms (male and female) with N. sativa crushed seeds using LC 50 , significantly inhibited tissue HK and G-6-PDH activities in relation to normal untreated worms. This may give a clue that both glycolytic and phosphate pentose pathways are other two sites attacked by the used drug. These results are in accordance with those obtained by some authors, using synthetic drugs, suggesting that the decrease in these enzyme activities might reflect the alteration occurring during the parasite damage induced by the drugs (Moczon & Swidersk 1983 , Tielens et al. 1985 , Xiao et al. 1998 a, b, 2000 .
Inhibition of HK in adult schistosomes by the used drug presented in the current study, may inhibit glucose breakdown which is nearly the main source of energy for their survival, in addition, the loss of HK activity is considered to be one of the first signals of cellular damage leading to any gross tissue damage (Stocchi et al. 1994 ). On the other hand, inhibition of G-6-PDH activity may reduce the capacity of the cell to protect itself from the oxidative stress because less amount of NADPH is produced. Lower NADPH concentration may impair the parasite's capacity to generate reduced glutathione (GSH), which protect cell membrane and other cellular structure from oxidation (Mckee & Mckee 1999) .
It could be concluded that the use of N. sativa seeds as antischistosomal drug may affect the adaptive capability of adult worms against the oxidative killing by the host effector cells and this may help in the elimination of the parasite.
